
JOURNAL OF VIROLOGY,
0022-538X/98/$04.0010

Dec. 1998, p. 9940–9947 Vol. 72, No. 12

Copyright © 1998, American Society for Microbiology. All Rights Reserved.

Protective Role of the Virus-Specific Immune Response for
Development of Severe Neurologic Signs in Simian

Immunodeficiency Virus-Infected Macaques
SIEGHART SOPPER,1* URSULA SAUER,1 SUSANNE HEMM,1 MONIKA DEMUTH,1 JUSTUS MÜLLER,2
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The pathogenesis of human immunodeficiency virus-associated motor and cognitive disorders is poorly under-
stood. In this context both a protective and a harmful role of the immune system has been discussed. This
question was addressed in the present study by correlating the occurrence of neurologic disease in simian im-
munodeficiency virus (SIV)-infected macaques with disease progression and the humoral and cellular intra-
thecal antiviral immune response. Overt neurologic signs consisting of ataxia and apathy were observed at a
much higher frequency in rapid progressor animals (6 of 12) than in slow progressors (1 of 7). Whereas slow
progressors mounted a strong antiviral antibody (Ab) response as evidenced by enzyme-linked immunosorbent
and immunospot assays, neither virus-specific Ab titers nor Ab-secreting cells could be found in the cerebro-
spinal fluid (CSF) or brain parenchyma of rapid progressors. Similarly, increased infiltration of CD81 T cells
and cytotoxic T lymphocytes specific for viral antigens were detected only in the CSF of slow progressors. The
finding that neurologic signs develop frequently in SIV-infected macaques in the absence of an antiviral im-
mune response demonstrates that the immune system does not contribute to the development of motor dis-
orders in these animals. Moreover, the lower incidence of neurologic symptoms in slow progressors with a
strong intrathecal immune response suggests a protective role of the virus-specific immunity in immunodefi-
ciency virus-induced central nervous system disease.

Infection with human immunodeficiency virus (HIV) can
cause multiple neurologic complications collectively defined as
AIDS dementia complex (ADC) (26). Although the pathogen-
esis of this disorder remains poorly understood, a number of
mechanisms have been proposed, including cytotoxic effects
mediated by viral proteins (18) and toxic factors released by
infected central nervous system (CNS) cells (22). In addition,
the role of the immune system in the pathogenesis of HIV-
induced neurologic disease has remained a topic of controversy
(6, 11). It has been observed that in most patients neurologic
symptoms arise when the immune functions deteriorate, sug-
gesting that the immune response exerts a protective effect
within the CNS. On the other hand, both a high intrathecal
antibody (Ab) synthesis (31, 35) and a vigorous cytotoxic T-cell
response found in the cerebrospinal fluid (CSF) of ADC pa-
tients (10) have led to speculations that this virus-specific im-
mune response may harm brain functions. Moreover, several
studies (4, 13, 17, 20) have found Abs to cellular antigens of the
CNS in CSF samples of HIV-infected individuals, suggesting
that autoimmune phenomena may contribute to the develop-
ment of neurologic complications (16).

Since investigations on the pathogenesis of neurologic dis-
orders are severely hampered by the restrictions in collecting
repeated CSF samples for longitudinal studies from HIV-in-
fected individuals with or without neurologic symptoms, it is
essential to use animal models to further the understanding

about the mechanisms involved in immunodeficiency virus-
induced neurologic disease. In this context, infection of ma-
caques with simian immunodeficiency viruses (SIV) mirrors
many of the neuropathological changes found in HIV-infected
patients (14, 15, 32). In addition, close examination of SIV-
infected macaques with a battery of behavioral and electro-
physiological tests has shown evidence for early cognition and
motor impairment (24) as well as neurophysiological abnor-
malities (27), thus representing the most suitable animal model
(25).

In order to correlate parameters of the intrathecal immune
response with the development of neurologic symptoms it
was important to increase the percentage of neurologic dis-
ease in SIV-infected monkeys. In the present study, this was
achieved by using the primary viral isolate SIVmac251 after
in vitro passage on monkey peripheral blood mononuclear
cells (MPBMC) (40) as inoculum (referred to hereafter in this
work as SIVmac251 MPBMC). After infection with this viral
strain, overt clinical signs of neurologic disease were induced in
about 40% of macaques with AIDS. By following the time
course of humoral and cellular immune functions in these
animals, we observed development of neurologic disease pre-
dominantly in the absence of an intrathecal virus-specific im-
mune response. This finding suggests a possible active role of
the immune system in the prevention of immunodeficiency
virus-induced neurologic disorders.

MATERIALS AND METHODS

Animals. Rhesus monkeys (Maccaca mulatta) used for this study were housed
at the Deutsche Primatenzentrum, Göttingen, Germany, according to institu-
tional guidelines. They were serologically free of SIV, simian T-cell leukemia,
and simian retrovirus. A total of 43 macaques were infected with 100 50%
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monkey infective doses of SIVmac251 MPBMC (40). All animals were immu-
nized with keyhole limpet hemocyanin (KLH) and received a booster immuni-
zation with KLH 2 weeks prior to the infection. Animals were monitored clini-
cally, and blood was sampled and CSF was collected by suboccipital puncture at
regular intervals, with the animals under anesthesia. Monkeys were sacrificed
when they became moribund or at specified time points according to the exper-
imental schedule. At necropsy, brains from uninfected and SIVmac-infected
rhesus monkeys were thoroughly perfused with 2 liters of Hank’s balanced salt
solution (HBSS) containing 3% fetal calf serum. Several coronal slices of brain,
0.5 cm thick, were prepared, and replicate slices were processed for isolation of
lymphocytes. Additional tissue from lymph node, spleen, bone marrow, and
thymus specimens was obtained at necropsy.

Preparation of cells. Citrated blood samples were subjected to Ficoll-Hypaque
(1.077 g/ml) gradient centrifugation (Pharmacia, Freiburg, Germany) in Leu-
cosep tubes (Greiner, Nürtingen, Germany) in order to obtain mononuclear
cells. Cells were collected from CSF samples (1 to 3 ml) by centrifugation at
170 3 g for 5 min, and after removal of the supernatant for investigations on
humoral parameters, cells were resuspended in HBSS. Viable cells were counted
in a Neubauer chamber and differentiated by trypan blue exclusion. In order to
minimize the influence of iatrogenic blood contamination during puncture on the
parameters determined, CSF samples with more than 5 3 105 erythrocytes/ml
(equivalent to a contamination of about 1/10,000) were excluded from further
analysis. Lymph node, spleen, and bone marrow specimens were forced through
a 100-mesh metal sieve, and the single-cell suspension was collected by centrif-
ugation. Brain lymphocytes and microglia were isolated from fresh tissue by a
Percoll gradient technique (34) modified for primate brains (38). Briefly, after
the meninges were carefully removed in ice-cold HBSS, pieces of CNS tissue
were forced through a 100-mesh metal sieve. After centrifugation at 170 3 g, the
pellet was resuspended in DNase-collagenase buffer (41 mM MgCl2, 23 mM
CaCl2, 50 mM KCl, 153 mM NaCl) containing 500 U of collagenase (Sigma,
Deisenhofen, Germany) and 400 U of DNase I (Boehringer, Mannheim, Ger-
many) per g of tissue and digested enzymatically for 60 min at 37°C in a rocking
water bath. The suspension was mixed with isotonic Percoll (pH 7.4, 1.122 g/ml;
Pharmacia), resulting in a density of 1.030 g/ml, and was transferred to 50-ml
centrifuge tubes on top of 5 ml of Percoll at 1.088 g/ml. After centrifugation at
1,250 3 g for 15 min, cells were collected from the interface, washed, and
resuspended in 5 ml of HBSS. This cell suspension was layered onto a second
Percoll density gradient, composed of four layers with densities (from the bottom
of the tube) of 1.088, 1.077, 1.060, and 1.030 g/ml. This gradient was again
centrifuged at 1250 3 g for 15 min. Cells were collected from the 1.077-g/ml
interface, washed in HBSS, and resuspended in RPMI 1640 medium (Gibco,
Eggenstein, Germany) supplemented with 10% fetal calf serum (Gibco), sodium
pyruvate (1 mM; Biochrom, Berlin, Germany), L-glutamine (2 mM; Biochrom),
nonessential amino acids (1:100; Biochrom), and gentamicin (Boehringer) (this
supplemented medium is termed RPMI1) and counted by trypan blue exclusion
in a Neubauer chamber. As evidenced by fluorescence-activated cell sorting
(FACS) analysis, cells consisted of .90% microglia, with the remaining cells
being predominantly T cells. Microglial cells were cultured for 20 h in 24-well
plates at a density of 2 3 106/ml.

Quantitation of IgG and albumin in plasma and CSF. In order to assess the
permeability of the blood brain barrier (BBB) and the intrathecal immunoglob-
ulin G (IgG) production, albumin and IgG concentrations in blood and CSF
were quantitated by a standard nephelometric method designed for determina-
tion of human albumin and IgG (Beckmann, Munich, Germany) according to
the manufacturer’s instructions. As a measure for the integrity of the BBB, a
quotient (QAlb) of the albumin concentrations in CSF (AlbCSF) and blood
(Albplasma) was calculated (QAlb 5 AlbCSF/Albplasma). Intrathecal synthesis of
immunoglobulin was assumed when the quotient (QIgG) of the IgG concentra-
tions in CSF and blood was greater than the limit 0.8 3 =(QAlb

2 1 1526) 2
1.323 (limQIgG), a formula empirically established for humans (30).

ELISA, ELISPOT, and Western blotting. Virus-specific titers for the SIV-
specific envelope (Env) protein and the group-specific antigens (Gag) were
determined in serum and CSF by an indirect solid-phase fluorescence enzyme
immunoassay similar to that described previously (39). Recombinant SIVmac
structural proteins fused with b-galactosidase and expressed in Escherichia coli
provided by A. Rethwilm (Institut für Virologie und Immunbiologie, Würzburg,
Germany) were used as solid-phase coupled antigens. The recombinant Env
protein represented the complete surface domain, and the Gag proteins con-
sisted of the entire product of the gag region. Control antigen was extracted from
bacteria transfected with a plasmid devoid of the SIV-specific insert. The cutoff
values were defined by adding two standard deviations to the mean value of
fluorescence ratios between viral antigen- and control antigen-coated wells de-
termined in serum specimens from 17 noninfected, healthy macaques. For de-
termination of intrathecal synthesis of antigen-specific IgG, a quotient (Qantigen)
was determined according to the following formula: Qantigen 5 (IgGplasma 3
titerCSF)/(IgGCSF 3 titerplasma), where IgGplasma and IgGCSF are amounts of IgG
in plasma and CSF, respectively and titerCSF and titerplasma are titers of CSF and
plasma, respectively. With reference to the calculated ratios in healthy humans
(41), a quotient of .2 was taken as evidence for intrathecal synthesis of virus-
specific Abs.

For quantitation of Ab-secreting cells (ASC), the enzyme-linked immunospot
assay (ELISPOT) technique was employed (33). Plates with square wells with an

area of about 3 cm2 were coated with either rabbit anti-monkey IgG (Sigma) or
recombinant viral proteins as described for the enzyme-linked immunosorbent
assay (ELISA) and washed with phosphate-buffered saline. Cells isolated from
various tissues were plated in the precoated wells in parallel dilutions starting
with 2 3 106 cells in 1 ml of RPMI1 and incubated for 18 h at 37°C in a 5% CO2
humidified atmosphere. The plates were vigorously washed with phosphate-
buffered saline and incubated for 3 h with rabbit anti-monkey IgG coupled with
alkaline phosphatase (Sigma). After extensive washing, 1 ml of bromochloroin-
dolylphosphate (1 mg/ml) (Roth, Karlsruhe, Germany) was added as a substrate
in 0.1 M 2-amino-2-methyl-1-propanol buffer (Sigma), pH 10.25, with 0.7 mM
MgCl2, 0.1% Triton X-100, and 0.5% low-melting-point agarose (Sigma). After
3 to 4 h, the reaction was stopped by the addition of 200 ml of NaOH (1 M) to
each well, and the blue spots which had developed at the sites of Ab production
were counted. Comparison of the proportions of virus-specific ASC in different
organs was performed by using the paired t test.

In order to detect Abs specific to viral proteins other than Env or Gag in
plasma and CSF, we have used Western blot analysis with pelleted virus derived
from supernatants of chronically infected C8166 cells loaded on nitrocellulose
strips as described previously (40).

Antigenemia was determined in plasma and cell-free CSF as well as in 24-h
culture supernatants of isolated microglia by an HIV core antigen capture
ELISA (Innogenetics, Zwijndrecht, Belgium) cross-reactive with SIV Gag, per-
formed according to the manufacturer’s instructions. Serial dilutions of a super-
natant from persistently SIV-infected C8166 cells with known concentrations of
viral antigen were used as standards.

FACS analysis. All Abs were used at pretitrated concentrations. Controls were
performed with the appropriate isotype-matched Abs. In order to quantitate
CD41 and CD81 T-cell subsets, fluorescein isothiocyanate- and phycoerythrin-
conjugated Abs for CD4 (OKT4; Ortho, Neckargemünd, Germany) and CD8
(IOT8 Immunotech, Hamburg, Germany) were combined with the biotinylated
anti-monkey CD3 Ab FN18 (M. Jonker [TNO, Rijswijk, The Netherlands]).
Bound biotinylated Abs were detected with streptavidin-coupled RED670
(Gibco). Cells were fixed after a final washing step in 3.5% formaldehyde and
analyzed within 24 h on a FACScan flow cytometer (Becton-Dickinson, Heidel-
berg, Germany). If the sample permitted, 104 events were collected for analysis.
Otherwise, counting of events was continued until the specimen was exhausted.
A minimum of 200 CD31 T cells in the CSF samples was regarded as necessary
for an evaluation of the data.

Cytotoxic T-lymphocyte (CTL) assay. Cells from blood and CSF were poly-
clonally stimulated for 48 h with concanavalin A (10 mg/ml; Sigma) and 50% of
a supernatant of rhesus MPBMC stimulated with concanavalin A for 48 h in the
presence of 105 irradiated (30 Gy), allogeneic herpesvirus papio (HVP)-trans-
formed B-cell lines as feeder cells. Thereafter, the medium was supplemented
with 100 U of interleukin-2/ml and 20% ConA supernatant plus a-methyl-D-
mannopyranoside (10 mg/ml; Roth) and changed every second to third day. Cells
were expanded for the next 2 to 3 weeks in order to obtain a sufficient number
for evaluation of virus-specific cytotoxicity.

As target cells, HVP-transformed B-cell lines established from PBMC of each
individual animal by infection with supernatant from an HVP-producing cell line
(29) were used. These cells were grown in RPMI1 and were infected 16 h before
the CTL assay with recombinant vaccinia viruses at a multiplicity of infection of
2. Vaccinia viruses expressing SIV gag, pol, and env genes were provided by F.
Bex and A. Burny and obtained via the British Medical Research Council AIDS
reagent project. As controls, vaccinia viruses expressing HIV Pol (B. Moss, NIH
AIDS reagent program) or measles virus nucleocapsid (B. Bankamp, Institut für
Virologie und Immunbiologie) were used. After washing, pelleted target cells
were incubated for 90 min at 37°C with Na51CrO4 (10 mCi/105 cells; DuPont, Bad
Homburg, Germany) and washed three more times. Meanwhile, effector cells
(100 ml) at different concentrations were plated in triplicate in 96-well round-
bottom plates, resulting in effector-to-target ratios from 200:1 to 12:1 when 104

target cells in 100 ml were added to each well. Control wells were used to
determine spontaneous (target cells alone) and maximum (with addition of 1%
Triton X-100) chromium release. After 5 h, the radioactivity in 100 ml of cell
supernatant was measured. Specific chromium release was calculated as 100 3
(experimental release 2 spontaneous release)/(total release 2 spontaneous re-
lease). Tests with spontaneous release of more than 25% of maximum release
were excluded. Individual values of triplicates differed less than 10%.

RESULTS

Neurologic disease in SIV251 MPBMC-infected monkeys.
For this study we infected a total of 43 macaques with SIV-
mac251 MPBMC. Of these monkeys, 12 animals (28%) devel-
oped simian AIDS within 28 weeks of infection and were
termed rapid progressors (Table 1), with a survival time of
18.1 6 5.6 weeks (unless stated otherwise, data are reported as
means 6 standard deviations). Seven animals developed AIDS
after 7 months of infection (survival time, 58.3 6 23 weeks)
(Table 1). These and another six animals surviving for more
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than half a year and still clinically asymptomatic at the sched-
uled time of necropsy were integrated in the slow progressor
group. An additional 18 animals were sacrificed within the first
6 months after infection according to the experimental proto-
col and thus could not conclusively be classified as rapid or
slow progressors. However, for this study, all but one of these
animals were considered slow progressors according to several
virological and immunological markers. All animals were care-
fully monitored for signs of neurologic disease. Among the 12
rapid progressors, 6 (50%) of the animals developed overt
neurologic signs, in some cases even before the onset of other
AIDS-defining symptoms such as untreatable diarrhea or
pneumonia. These severe clinical signs of neurologic disease
included ataxia, opisthotonus, failure at gripping food, and
apathy not attributable to weakness. Of the seven slow pro-
gressors which were observed until the final stage of AIDS,
only one displayed clinical signs of neurologic disease. Neuro-
pathologically, rapid progressors with neurologic symptoms re-
vealed perivascular cuffings, meningitis, glial nodules, and gi-
ant cells to a greater extent than those without a neurologic
disease in the absence of opportunistic infections and tumors.
In contrast, slow progressors primarily showed signs of men-
ingitis and perivascular cuffings (5a).

The difference in the incidence of overt neurologic signs in
rapid progressors and slow progressors prompted us to com-
pare several parameters of the virus-specific immune response
between these two groups of animals in order to determine the
role of the immune system for the development of SIV-in-
duced neurologic disorders.

BBB and intrathecal IgG synthesis. In order to determine
the integrity of the BBB, we have measured the AlbIgG and
AlbCSF of 17 animals and calculated a quotient (QAlb 5
AlbCSF/AlbIgG). Since there are considerable differences in the
QAlb among individual uninfected animals, we have compared
the QAlbs of the individual animals before and after infection

with SIV. Representative results for two rapid and two slow
progressing animals are shown in Fig. 1A. An increase in the
QAlb by more than twice the standard deviation of the individ-
ual fluctuations before infection was judged as indicative for
breakdown of the BBB. According to this criterion, there was
no infection-induced leakage of the BBB in any of the animals
investigated, except in one slow progressor (circles in Fig. 1A),
which displayed a transient increase in the QAlb at 2 weeks
postinfection (wpi). Concomitantly, this animal also showed
the highest pleocytosis in the CSF (2 3 105 cells/ml) among
more than 50 animals infected with various viral strains studied
so far.

A global intrathecal IgG synthesis was assumed when the
QIgG was higher than limQIgG, calculated as 0.8 3 =(QAlb

2 1
1526) 2 1.323, a formula empirically established for humans
(30). Representative kinetics for an intrathecal synthesis as
calculated by QIgG 2 limQIgG are shown in Fig. 1B. We found
no evidence for an intrathecal synthesis of IgG in any of the
nine SIVmac251 MPBMC-infected animals studied longitudi-
nally for up to 2 years. Moreover, there was also no significant
increase of the individual values after infection.

Virus-specific humoral immune response. Although we have
not found evidence for an overall intrathecal IgG synthesis,
virus-specific Abs were found in the CSF. As shown in Fig. 2A,
an Env-specific humoral immune response was readily detect-
able in plasma of slow progressors within 4 weeks of infection.
Ab titers specific for Gag showed similar kinetics, though at
lower titers (data not shown). In the CSF of slow progressors,
both Env- and Gag-specific Abs were found as early as 4 wpi

TABLE 1. Clinical signs of SIVmac251 MPBMC-infected
animals with AIDSa

Progressor
group

Animal
no.

Time of
necropsy

(wpi)
Symptom(s) Neurologic

symptom(s)

Rapid 1 12 Cachexia Ataxia, seizure
2 12 Ataxia, opistho-

tonus
3 13 Ataxia, seizure
4 14 Dyspnea Ataxia
5 15 Anorexia, thrombocytopenia Apathy
6 26 Ataxia
7 15 Diarrhea, multiple abscesses
8 17 Anorexia, thrombocytopenia,

diarrhea
9 20 Anorexia, thrombocytopenia,

diarrhea
10 21 Anorexia, thrombocytopenia
11 24 Cachexia
12 28 Cachexia

Slow 13 30 Diarrhea, dyspnea
14 39 Lymphadenopathy, dyspnea
15 40 Dyspnea, pneumocystis carinii
16 55 Dyspnea, pneumocystis carinii
17 58 Anorexia, cachexia Ataxia, opistho-

tonus
18 73 Anorexia, cachexia, thrombo-

cytopenia
19 94 Cachexia, thrombocytopenia

a In addition to the above-listed monkeys, 24 SIV251 MPBMC-infected ani-
mals were sacrificed according to the experimental schedule without signs of
neurologic disease.

FIG. 1. Integrity of the BBB and intrathecal IgG synthesis. Albumin and IgG
concentrations in plasma and CSF were determined. (A) QAlb was calculated.
The values for each time point are shown as percentages of the mean preinfec-
tion values. (B) QIgG is compared with the limQIgG for intrathecal IgG synthesis.
Values of .0 are indicative of intrathecal antibody production. Representative
data of two rapid progressors and two slow progressors are depicted.
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and followed the course of titers in the periphery. In contrast
to that, rapid progressors did not reveal any virus-specific Ab
titers in plasma or CSF (Fig. 2A). In order to define whether
the virus-specific Abs found in the CSF of slow progressors
were merely diffused through the BBB or at least in part
produced within the CNS, we have compared the virus-specific
titers in plasma and CSF according to the formula of Ukkonen
et al. (41). By this calculation, no evidence for prolonged in-
trathecal synthesis of Env- and Gag-specific Abs was revealed
in six slow progressors infected with SIVmac251 MPBMC (Fig.

2B) and in only 1 of 14 animals infected with other viral strains
(39). Additional Western blot analysis at selected time points
demonstrated Abs specific for all major viral polypeptides in
the CSF and plasma of all slow progressor animals (Fig. 3).
Rapid progressors exhibited only faint bands, either against the
transmembrane part of the Env protein or Pol in plasma, but
no evidence for virus-specific Abs in undiluted CSF (Fig. 3).

One possible explanation for the failure to detect virus-
specific Abs in rapid progressors could be the formation of
complexes between these Abs and the abundant viral antigen
found both in plasma and CSF of rapid progressing animals
(Fig. 2C). Therefore, we tried to detect ASC isolated from
blood and brain tissue in vitro by the ELISPOT assay. In order
to determine the normal situation within the brain we have first
enumerated both the total number of Ig-secreting cells and the
frequency of antigen-specific cells in uninfected animals im-
munized with KLH. In these animals, about 1 in 104 isolated
cells from the CNS secreted Ig and none reacted with KLH,
even at a time when KLH-specific plasma cells were abundant
in blood and lymphoid organs (data not shown). In contrast,
ASC specific for the Env protein could be frequently found in
brain-derived cells from SIV-infected animals (Fig. 4), indicat-
ing intrathecal production of virus-specific IgG. Since we were
not able to detect Env-specific ASC in any organ of three rapid
progressors tested, we have only statistically compared the
percentages of Env-specific ASC isolated from different organs
of slow progressing animals. In blood, 2.5% 6 1.9% of the total
plasma cells produced Env-specific Abs. Similar proportions of
Env-specific ASC among total plasma cells, 2 to 4%, could be
observed in lymph node and spleen specimens (data not
shown). In contrast, Env-specific ASC account on average for
about 15% of all CNS-derived plasma cells, with a proportion
of up to 60% in individual infected animals. These values were
significantly higher than those for blood, as evaluated by the
paired t test (P # 0.01), arguing for a strong intrathecal hu-
moral immune response. Gag-specific ASC were found at

FIG. 2. Virus specific antibodies and viral antigen in plasma and CSF. (A)
Env-specific titers in plasma and CSF. Representative data of two rapid progres-
sors and two slow progressors are shown. (B) Intrathecal synthesis of Env-
specific antibodies. Values of .2 are indicative of intrathecal synthesis of anti-
gen-specific antibodies. Representative data of two slow progressors are shown.
(C) Representative levels of viral antigen in plasma and CSF of a rapid progres-
sor and a slow progressor. Microglial cells isolated from the brains of SIVmac251
MPBMC-infected animals were cultured for 20 h, and the supernatant was
assayed for p27 production. Overall levels of viral antigen produced by microglial
cells isolated from SIVmac251 MPBMC-infected animals with AIDS were 9 6 4
and 8,574 6 4,155 pg/ml (mean 6 SEM) for slow progressors (n 5 8) and rapid
progressors (n 5 6), respectively.

FIG. 3. Antigen specificity of Abs in plasma and CSF. Paired plasma (P) and
CSF (C) samples of two rapid progressors (RP) and two slow progressors (SP)
were subjected to Western blot analysis at 1:50 dilutions (plasma) and 1:2
dilutions (CSF). Positive (1) and negative (2) controls are shown in the first two
lanes.
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lower frequencies in the periphery, though they were never
detected in the CNS. In order to determine the time course of
the appearance of virus-specific ASC in the CNS, we have
plotted the percentage of ASC in blood and CSF of individual
animals against the time point after infection when they were
sacrificed (Fig. 4A). As early as 3 wpi, the first ASC secreting
Ab which reacted with the coated viral proteins were detect-
able in blood, but the exact number of antigen-specific ASC
could not be determined since at this time point, many ASC
also reacted with the control antigen. At later time points, no
such unspecific reaction was observed. At 4 wpi virus-specific
ASC could be identified in blood. Due to the schedule of the
experiments, we do not have data for the CNS at this time
point. Nevertheless, at 7 wpi virus-specific ASC could be ob-
served in the CNS, although at a low frequency. Thereafter, the
proportion as well as the absolute numbers of Env-specific
ASC increased in the first 4 months postinfection and seemed
to stabilize at about 10%, corresponding to 7,000 Env-specific
ASC per brain (Fig. 4B). Since CD20-expressing cells could
not be detected by FACS analysis of the isolated cells (data not
shown), plasma cells seem to represent the only B-cells within
the brain parenchyma.

Virus-specific cellular immune response. As a first measure
for a cellular immune response within the CNS, we determined
the number and phenotype of infiltrating leucocytes in the CSF
of individual animals by flow cytometry. In uninfected animals,
CSF cells consisted almost exclusively of T lymphocytes at
,5,000 cells/ml. Between 30 and 50% of these infiltrating T
cells expressed CD8. The absolute counts as well as the per-

centages of CD81 cells differed between individual monkeys
but remained stable in the single animals. Representative ki-
netics of the absolute numbers of CD81 T cells in CSF of two
slow and two rapid progressing animals are shown in Fig. 5.
Whereas slow progressors experienced a strong and sustained
infiltration of CD81 T cells as early as 2 wpi (Fig. 5A), the
absolute count of CD81 T lymphocytes in CSF of rapid pro-
gressors was changed only transiently and to a lesser degree
(Fig. 5B). Similar kinetics of increased numbers of infiltrating
CD81 T cells were found in the brain parenchyma of slow
progressors as determined with cells isolated with the same
procedure as for ASC (Fig. 5C). For rapid progressors, data
could only be obtained in the final stage of AIDS. At that time
point, only two of nine rapid progressors investigated had
increased CD81 T-cell numbers in the brain tissue.

Since the phenotypical analysis of cells in the CSF revealed
an increase in the number of CD81 T cells in slow progressors,
we determined the virus-specific cytolytic capacity of these

FIG. 4. Kinetics of Env-specific ASC in blood and brain samples of SIV-
infected animals. Numbers of total plasma cells and Env-specific ASC were
determined by ELISPOT. (A) Percent Env-specific ASC among total plasma
cells in blood and brain samples. (B) Absolute numbers of Env-specific ASC per
brain. Each point represents ASC isolated from one sacrificed animal. In addi-
tion, the line of best fit is shown for the values of the brain. p.i., postinfection.

FIG. 5. Kinetics of CD81 T cells in CSF and brain tissue. CSF cells and
gradient-purified brain cells were counted, and the number of CD81 T cells was
calculated according to the percentage among total cells as determined by flow
cytometry. Representative data of CSF from two slow progressors (A) and two
rapid progressors (B) are shown. (C) The number of CD81 T cells per gram of
brain tissue of individual SIV-infected slow progressors (h) is shown. In addi-
tion, the mean values for uninfected (E and shaded area) and infected (})
animals sacrificed between 2 and 4 wpi, 5 and 15 wpi, 16 and 31 wpi, and after
32 wpi are depicted. Error bars, standard errors of the means.
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infiltrating cells from three slow and two rapid progressors
after polyclonal expansion in vitro. CSF cells isolated from
slow progressors displayed cytolytic capacities against autolo-
gous cells expressing various viral antigens comparable to
those of PBMC investigated in parallel (Fig. 6A and B). In
contrast, in vitro-stimulated PBMC of rapid progressors (Fig.
6C) did not show evidence for major histocompatibility com-
plex (MHC)-restricted virus specific cytotoxicity as did PBMC
from slow progressors isolated at the same time point after
infection (Fig. 6D). The Env-specific lysis of the rapid progres-
sor shown in Fig. 6C is not MHC restricted, because allogeneic
cells expressing the Env protein were lysed to a similar degree.
Rather, this finding of unrestricted lysis may be explained by
fusion-like events of CD41 cells present in the effector cell
population with target cells expressing the Env protein at their
surface as described recently (8).

DISCUSSION

ADC is one of the most devastating complications of HIV
infection because of its poor prognosis and the severity of the
patient’s functional impairment. In order to study the patho-
genesis of this syndrome, we have employed the infection of
macaques by SIV as the most suitable animal model. However,
in this model neurologic disease mostly has been defined by
either morphological criteria, such as SIV encephalitis or vac-
uolar leukencephalopathy (2, 7, 14, 43), or by subtle cognitive
and motor impairments detectable only with sophisticated and
laborious behavioral tests (24). In the present study, we ob-
served clinically manifested signs of neurologic disease at a
relatively high frequency in macaques infected with the SIV-
mac251 MPBMC (40). Of a total of 19 animals observed until
the development of AIDS, 7 (37%) became neurologically
symptomatic. In contrast to 50% of the 12 animals that rapidly
developed AIDS, only 1 of the 7 animals which survived longer
than 7 months after infection showed clinical signs of neuro-
logic disease. As shown for asymptomatic animals with sophis-

ticated behavioral tests (24), it is very likely that the other
animals of our cohort also displayed subclinical neurologic
deficits. However, in the study of Murray and colleagues (24),
those animals which developed AIDS first also had the lowest
performance on cognitive and motor tasks, which, together
with the relatively insensitive definition of clinical neurologic
signs employed in our study, clearly demonstrates more severe
neurologic disorders in rapid progressors. Moreover, the high-
er incidence of neurologic signs within the group of rapid
progressors is in line with previous studies in which a lower
mean time of survival among animals with brain parenchymal
lesions than in those without such lesions was reported (2, 46).
It is interesting that some animals of our cohort presented
neurologic disease as the first and only symptom of AIDS. This
finding further adds to the similarities of this animal model
with HIV infection in humans, as ADC was reported in 7% of
the patients at the onset of AIDS and in about 3% of the
patients was the only AIDS-defining illness (9).

In a first attempt to explain the difference in the incidence of
neurologic disease among the groups with different rates of
progression to AIDS, we investigated the antiviral immune
response. We found that rapid progressor animals were able to
induce a measurable virus-specific immune response neither in
the periphery nor in the CNS. Lack of virus-specific Abs in the
blood and its correlation with rapid disease progression in
HIV-infected patients (23, 28) and SIV-infected rhesus mon-
keys has already been described by several studies (3, 12, 45).
However, by employing the ELISPOT assay for detection of
single Ab-producing cells in blood and lymphoid organs ex
vivo, we can now exclude the previously discussed possibility
that the inability to detect Abs is due to complexation of virus-
specific Abs under conditions of antigen excess. In contrast,
our results show that lack of virus-specific Ab synthesis results
in unrestricted viral replication, leading to early mortality.
Moreover, the present report emphasizes a possible role of the
cytotoxic immune response in curtailing immunodeficiency
virus replication, as rapid progressors did not display MHC-
restricted cytolytic activity against several viral antigens. How-
ever, since we could not determine the cellular immune re-
sponse within the first 6 wpi, we cannot rule out the possibility
of a temporary virus-specific cytotoxic immune response very
early in the course of the disease even in rapid progressors. As
shown in other viral infections and discussed as a possible
mechanism for the pathogenesis of AIDS (48), this early cyto-
lytic response might have resulted in destruction of infected
cells and contributed to the early immunosuppression in these
animals. However according to our results, the pattern of ex-
pression of several surface markers such as MHC II and CD29
on CD81 T cells (data not shown) in the course of infection of
rapid progressors rather argues against this hypothesis. Al-
ternatively, tolerance might have been induced by the quick
spread of the virus in these animals, leading to early exhaustion
of the cellular immune response. In contrast to virus-host in-
teractions with noncytopathic viruses, this situation leads to
complete destruction of CD41 T cells, immunosuppression,
opportunistic infections, wasting, and neurologic signs in SIV-
infected macaques. Thus, the results of our study support the
hypothesis of a protective function of CTLs in immunodefi-
ciency virus infection. Experiments to deplete CD81 T cells in
the initial phase of disease, as reported recently (19), have to
be carried out to formally prove the role of virus-specific CTLs
in SIV-infected macaques.

The status of the immune response in the periphery is also
reflected in the brain. Animals without virus-specific Abs and
CTLs in the blood showed no evidence of an intrathecal anti-
viral immune response, whereas longer surviving animals re-

FIG. 6. Virus-specific cytotoxicity in blood and CSF. Blood (A, B, and C) and
CSF (D) cells were polyclonally stimulated, and cytotoxic capacities against au-
tologous target cells expressing the SIV antigens Gag, Env, Pol, or HIV-1 reverse
transcriptase (RT) were determined in a chromium release assay. Representative
data of a rapid progressor (C) and slow progressors (A, B, and D) are shown.
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vealed a humoral and cellular immune response in the CNS
similar in both kinetics and strength to that found in the blood.
The higher incidence of neurologic disease among animals
without SIV-specific Abs extends previous observations which
found a correlation between lack of virus-specific IgG in the
CSF and SIV encephalitis (37). Thus, SIV-specific Abs may
play a protective role in the pathogenesis of SIV-associated
neurologic disease. Although we have not experimentally ex-
cluded the presence of Abs directed against CNS antigens, our
findings raise arguments against a possible contribution of au-
toantibodies in the pathogenesis of ADC (16). Thus, there was
no evidence of intrathecal IgG synthesis, and the number of
IgG-secreting cells isolated from the brains of rapid progres-
sors was not increased compared to those from both unin-
fected and asymptomatic SIV-infected animals. In addition as
shown previously, rapid progressors rather developed hypo-
gammaglobulinemia (data not shown and reference 7) and
showed a selective loss of CD201 B cells (data not shown and
reference 3) instead of increased B-cell activation. Similarly,
the occurrence of motor disorders among animals without a
detectable virus-specific CTL response indicates that an exces-
sive cellular immune response was not the cause of neurologic
disease in these animals as suggested previously (11, 47). Ac-
cording to our results, SIV induced neurologic disease can also
develop in the absence of increased BBB permeability. This is
in line with previous observations of an intact BBB in SIV- and
chimeric simian-human immunodeficiency virus-infected ma-
caques (5, 36).

In slow progressors, we observed a strong antiviral immune
response both in the periphery and in the CNS. Several studies
investigated the kinetics of the intrathecal humoral immune
response in SIV-infected macaques (36, 37, 39). With conven-
tional serological tests, an intrathecal synthesis of virus-specific
Abs is only found in some animals late in the course of infec-
tion (37, 39). In contrast, ELISPOT analysis revealed the pres-
ence of virus-specific plasma cells in the brain parenchyma of
every single animal tested, indicative of a strong intrathecal
production of SIV-specific Abs. By demonstrating a spontane-
ous activity and higher frequency of virus-specific B-cells in the
CNS, our results extend previous findings of HIV-specific Abs
in the supernatants of mitogen-activated CSF cells from six of
six HIV-infected individuals (1). However, it remains unclear
why the intrathecal synthesis of Abs by these cells is not de-
tectable in the CSF. One explanation could be the lower sen-
sitivity of the titration of specific Abs by ELISA. However,
cultivation of isolated brain cells as for the ELISPOT assay
yielded Env-specific Ab titers in the supernatant (data not
shown). It remains to be demonstrated that this amount of Ab
produced is sufficient to establish measurable concentrations in
vivo. Additional, more-sensitive serological tests, such as visu-
alization of oligoclonal bands by isoelectric focusing, also did
not show evidence for intrathecal Ab synthesis (data not
shown), arguing for a similar clonal distribution of plasma cells
in CNS and periphery. As SIV-infected cells of the monocyte/
macrophage lineage, which are the main reservoir for SIV
infection within the brain, express high levels of Env at their
surface (21), it is possible that the lack of evidence of intra-
thecal synthesis in the CSF is due to binding of parenchymally
synthesized Abs to their antigens. However, information about
the expression of gp160 in the brains of SIV-infected monkeys
has not yet been published. Alternatively, it is possible that the
CSF represents a separate compartment within the CNS and
does not exactly reflect the situation within the parenchyma.

Although we could not test CSF cells for their virus-specific
cytolytic capacity before 8 wpi, the kinetics and the phenotype
of infiltrating CD81 T cells provide evidence for an early in-

duction of a CTL response within the CSF of slow progressors.
This is in line with a previous study which found virus-specific
CTLs in the CSF of an SIV-infected macaque as early as 1 wpi
(42). According to our results, the occurrence of neurologic
disease is tightly associated with high intrathecal viral loads.
Yet in our collective, the viral loads of the two groups of an-
imals were not different during the primary viremia. Only later
in the course of the disease did the differences become appar-
ent, as the developing immune response of slow progressors
was able to curtail the amounts of viral antigen in both plasma
and CNS to undetectable levels by 4 wpi. Similarly in a recent
report, the viral RNA levels in plasma before 4 wpi did not
correlate with the length of survival (44). Thus, our data pro-
vide evidence for a protective role of the intrathecal immune
response as one of the host factors to delay or prevent neuro-
logic disease in immunodeficiency virus infection.

Although the SIV infection of macaques provides an excel-
lent model to study the interaction between viral and host
factors, the use of this model in the pathogenesis of neurologic
alterations has been hampered by the expenditure required to
test neurologic functions and the low frequency of neurologic
deficits (24). The high incidence and the short incubation time
of clinically overt neurologic signs induced by the viral strain
SIVmac251 MPBMC among animals with rapid disease pro-
gression now renders studies on the pathogenesis and therapy
of APC feasible.
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